The lipid metabolite diacylglycerol (DAG) is required for transport carrier biogenesis at the Golgi, although how cells regulate its levels is not well understood. Phospholipid synthesis involves highly regulated pathways that consume DAG and can contribute to its regulation. Here we altered phosphatidylcholine (PC) and phosphatidylinositol (PI) synthesis for a short period of time in CHO cells to evaluate the changes in DAG and its effects in membrane trafficking at the Golgi. We found that cellular DAG rapidly increased when PC synthesis was inhibited at the non-permissive temperature for the rate-limiting step of PC synthesis in CHO-MT58 cells. DAG also increased when choline and inositol were not supplied. The major phospholipids classes and triacylglycerol remained unaltered for both experimental approaches.
The lipid composition of the membrane, including the amount of metabolic intermediates, is also involved in this process (3) (4) (5) (6) .
DAG is needed at the trans-Golgi Network (TGN) for the recruitment of protein kinase D (PKD) and post-Golgi protein transport (7) , and at the cis-Golgi for the biogenesis of COPI-coated vesicles (8, 9) . Several pharmacological agents were used to show this requirement of DAG, and also to examine its source. First, the effects of propanolol, a phosphatidic acid (PA) phosphatase inhibitor (10) , suggested a role for PA-derived DAG (8) . In this context, the PA produced by phospholipase D1 (PLD1) could be the source of DAG, since PLD1 is a candidate to mediate the formation of vesicles stimulated by ARF1 at the Golgi (11) . Second, the results of experiments with U73122, an inhibitor of agonist-induced PLC activation (12) , suggested a contribution of phospholipase C (PLC) to the production of the DAG required at the cis-Golgi (8) . Third, the results obtained with fumonisin B1, an inhibitor of ceramide synthase (13) , suggested a role for the DAG produced by sphingomyelin synthase (SMS) at the TGN (7) . Of these three lipid-metabolising enzymes, only SMS is widely believed to localize to the Golgi. PLD ubication at this organelle is controversial (14) (15) (16) , and PLC action has not been widely studied (17) .
Phospholipid transfer proteins have also been implicated in vesicular transport at the Golgi. The PI transfer protein (PITP) Nir2 participates in the secretory pathway at the Golgi in mammalian cells (18) , as previously demonstrated for the PITP Sec14 in yeast (19) . In both studies, the silencing of PC synthesis precluded the blockage of secretion produced by the silencing of their respective PITPs, which suggested that PITPs maintain partial inhibition of PC synthesis and regulate the homeostasis of DAG required for the production of secretory transport carriers at the Golgi. Recently, it has been shown that PITPβ is needed for the vesicular transport at the Golgi (20) .
In this case, the authors suggested that PITPβ is needed to bring PI to the Golgi for the synthesis of phosphatydylinositol 4-phosphate (PIP), which is involved in vesicular trafficking at the Golgi (21) .
Pharmacological and silencing experimental strategies have concluded that the metabolic intermediate DAG is required for the transport carrier biogenesis at the Golgi. However, the particular metabolic steps producing or consuming DAG that are regulated under physiological conditions to ensure the proper lipid composition of Golgi membranes in the time interval required for vesicular trafficking are not well understood.
Phospholipid synthesis is strictly regulated in most cell types throughout the cell cycle (22) . There is also evidence that both endogenously and exogenously triggered cellular signalling can quickly turn phospholipid synthesis pathways on and off in physiological contexts other than membrane synthesis and assembly (23) (24) (25) . During a quick and short tuning of the rate of phospholipid synthesis, the amount of metabolic intermediates such as DAG is more likely to be altered than the amount of the end products of these pathways, such as major phospholipids (23, 24) . Thus, cells may take advantage of these regulatory mechanisms to rapidly and finely regulate the DAG at the Golgi as has been pointed out (26, 27) . This is the hypothesis we pursued in this study. We modified DAG levels by regulating PC and PI synthesis within a short period of time (from 30 min to 3 hours) by two experimental approaches: 1) regulating the rate of PC synthesis in a mutant cell line with the temperature-sensitive regulatory enzyme for the pathway, CTP:phosphocholine cytidylyltransferase (CCTα); and 2) controlling the availability of substrates for PI and PC synthesis. We knew from our previous results that DAG was required for vesicle formation at the Golgi (8) . We now show that the tuning of PC and PI synthesis for a short time regulates DAG homeostasis of the whole cell, including Golgi complex, without modifying the levels of major phospholipid classes or triacylglycerol. The changes of DAG produced by this way correlate with alterations in the structure and dinamics of secretory membrane trafficking at the Golgi.
Experimental procedures
Materials: Rabbit polyclonal antibody antiKDELreceptor (KDELr) was kindly provided by H. D. Söling (University of Götingen). Anti-GM130 and anti-VSV-G (ectodomain) were purchased from SIGMA (St Louis, MO, USA). (28) , expressing a temperature-sensitive mutant of CTTα, which catalyzes the generation of CDPCholine in the rate-limiting step of PC synthesis (29) were grown in F-12 Ham media containing 7.5 % FBS, 1 mM sodium pyruvate, 10 mM Lglutamine, penicillin (100 U/ml), and streptomycin (100 μg/ml) in a humidified incubator at 33 °C and 5 % CO 2 . Normal rat kidney (NRK) and Vero (kidney of normal green monkey) cells were grown in DMEM containing 10 % FCS, 1 mM sodium pyruvate, 10 mM l-glutamine, penicillin (100 U/ml), and streptomycin (100 μg/ml) in a humidified incubator at 37 °C and 5 % CO 2 .
Experimental conditions to regulate the synthesis of PC and PI: For the first experimental approach, CHO-K1 and the mutant line CHO-MT58, with a temperature-sensitive enzyme were grown at 33 For the second experimental strategy, cells grown in culture medium were washed and incubated with choline (200 μM) and inositol (5 mM) for up to 1 hour in HEPES saline buffered solution (containing, in mM: NaCl, 137; CaCl 2, 1; MgCl 2 -6H 2 O, 2; KCl, 3; D-glucose, 5.6; HEPES, 20, pH 7.4 ). Lithium (5 mM) was added when choline and inositol were not present. For ultrastructural analysis, cells were treated with 60 μM propanolol during the last 15 minutes of the treatment, when indicated.
Isolation of Golgi-enriched fractions: Golgi fractions from Vero cells were prepared at 4 °C following a modification of a method reported elsewhere (30) . Cells were harvested, washed twice in PBS and twice in homogenization buffer (250 mM sucrose in 10 mM Tris-HCl, pH 7.4) and pelleted at 1500 g for 10 min. Cells were then resuspended in four volumes of homogenization buffer and homogenized using the Ball-Balch device. The homogenate was brought to a sucrose concentration of 37 % by the addition of 62 % sucrose in 10 mM Tris-HCl, pH 7.4, and EDTA (1 mM final concentration). Twelve milliliters of this solution were placed at the bottom of a centrifuge tube and carefully overlaid with 15 ml of sucrose at 35 % and 9 ml 29 % sucrose in 10mMTris-HCl (pH 7.4). Gradients were centrifuged at 100 000 g (25000 rpm) for 2.5 h with the swing rotor SW28 on a L7-55 Beckmann ultracentrifuge. Golgienriched fraction was recovered at the 35-29 % sucrose interface and subsequently frozen in liquid nitrogen and stored in aliquots at -80 °C until use. Protein concentration was determined using the Lowry assay. Golgi-enriched fractions from rat liver were prepared as described previously (31) .
Measurement of CDP-choline:diacylglycerol phosphotransferase (CPT) activity in isolated Golgi membranes: CPT activity was measured in the presence of CMP to force the reaction to produce DAG and CDP-Choline at the expenses of endogenous Golgi membrane PC, which is the reverse of the reaction that takes place in physiological conditions. Golgi membranes (50 μg of protein) isolated from Vero cells and rat liver were incubated in 100 mM Tris/HCl buffer containing 5 mM EDTA, 5mM DTT, 10 mM MgCl 2 , pH 8.2 (32) C-labelled lipids the area corresponding to authentic standards on the TLC was scraped and counted for radioactivity. 32 Plabelled phospholipids were counted for radioactivity with a phosphorimager as descrived above.
Analysis of the density of KDELr-containing transport carriers: Cells grown on coverslips were incubated under different conditions as indicated, fixed at room temperature with 4 % paraformaldehyde in PBS, rinsed, and permeabilized with 0.1 % saponin containing 1% BSA (in PBS) to block the unspecific binding sites. Cells were then incubated with anti-KDELr antibody diluted at 1:1000 in 1% BSA for 1 h followed by Alexa 488-conjugated secondary antibody. Immunostained coverslips were mounted on microscope slides using Mowiol. Microscopy and imaging were performed with Leica TCS-NT confocal microscope (Heerbrugg, Switzerland). Five sections per image were processed using Image J software. To quantify cytoplasmic fluorescent punctate structures containing KDELr, eight-bit gray scale nonsaturated images were set at an arbitrary threshold value of 70. For each cell, the number of stained structures between 2-200 pixels over the threshold was scored covering the total cytoplasmic area, except for the Golgi area, which was identified by GM130 staining. Then the number of stained structures was expressed as a ratio of the cell area measured in pixels.
YFP-ts045VSV-G transport assay: CHO-K1 cells were detached and transfected with YFPts045VSV-G using Lipofectamine 2000 TM transfection reagents. For each well of a 6-well plate 3 μl of Lipofectamine and 2 μg of DNA were mixed with 100 μl of Optimem for 30 min and added to 3 ml of cell suspension in F12 Ham media without antibiotics. Cells were seeded on coverslips and incubated in this medium for 6 h. Then the medium was replaced by a complete F12 Ham culture medium and cells were left at 40 o C overnight. After this period, YFP-ts045VSV-G remained accumulated at the ER. For the transport assay, cells were placed at 32 o C after washing the growing media in HEPES buffer and adding 200 μM choline and 5 mM inositol, or 5 mM LiCl in the absence of choline and inositol. Cells were fixed with 4 % paraformaldehyde at the indicated times, stained for GM130 as a Golgi marker, and mounted onto microscope slides. The percentage of cells with YFP-ts045VSV-G at the Golgi or at the plasma membrane was analyzed under the fluorescence microscope. Fifty cells were analyzed in duplicate coverslips for each experiment. To calculate the ratio between the YFP-ts045VSV-G at the plasma membrane and the total YFPts045VSV-G per cell, coverslips holding cells incubated with or without choline and inositol at 32 o C for 60 min were fixed and incubated with anti-VSV-G ectodomain without permeabilization to label only the YFP-ts045VSV-G present at the plasma membrane. Microscopy and imaging were performed with an Olympus BX60 epifluorescence microscope equipped with a cooled Olympus CCD camera (Lake Success, NY).
Secretion assay of a secretory form of horseradish peroxidase (ssHRP): CHO-K1 cells were transfected with ssHRP using Lipofectamine 2000 TM transfection reagents, according to manufacturer's instructions, for 18-24 h. The secretion assay started after washing the growing media in HEPES buffer and adding 200 μM choline and 5 mM inositol, or 5 mM LiCl in the absence of choline and inositol. Aliquots of incubation buffer were collected at the indicated times and centrifuged for 5 min at 1000 g and the enzymatic activity of HRP present in the extracellular medium was measured with ECL detection reagents that produce a chemifluorescent signal at 440 nm, which was quantified with a Luminometer (Synergy 2 from Biotek).
Electron Microscopy: For transmission electron microscopy (TEM), CHO-K1 and CHO-MT58 cells were rapidly fixed with 1.25 % glutaraldehyde in PIPES buffer (0.1 M, pH 7.4) containing sucrose (2 %) and Mg 2 SO 4 (2 mM) for 60 min at 37 °C. Cells were then gently scraped, pelleted at 100 g for 10 min, rinsed three times in PIPES buffer, and postfixed with 1% (wt/vol) OsO 4 , 1 % (wt/vol) K 3 Fe(CN) 6 in PIPES buffer for 1 h at room temperature in the dark. Cells were then treated for 5 min with tannic acid (0.1 %) in PIPES buffer, rinsed in distilled water, blockstained with 1 % uranyl acetate in 70 % ethanol for 1 h, dehydrated with graded ethanol solutions, and finally embedded in Epon plastic resin (EMS, Hatfield, PA). Ultrathin sections (50-70 nm thick) were stained with lead citrate and observed on a JEOL 1010 electron microscope (Peabody, MA). Micrographs of randomly selected areas were obtained with a Gatan Bioscan digital camera Pleasanton, CA) at the same final magnification (50 000x) and analysed using point-counting procedures. The minimum sample size of each stereological parameter was determined by the progressive mean technique with a confidence limit of 5 % (34).
Statistical analysis: Graph-Pad Prism 4 software was used for statistical analysis. To compare the means of two groups of data we performed two-tailed unpaired t-test. For multiple comparisons we used one-way ANOVA followed by the Bonferroni test. Statistical significance was established at p ≤ 0.05 in both cases. Non-linear regression shown in Fig. 4C was also performed with Graph-Pad Prism 4 software. The data were fitted to a one-binding site rectangular hyperbola (y=a*x/(b+x)).
RESULTS
DAG levels can be controlled by regulating PC and PI synthesis. We set up two experimental approaches to control DAG by tuning for a short period of time the synthesis of PC and PI (see diagram in Fig. 1A) . First, we used wild-type CHO-K1 and the mutant line CHO-MT58, with a temperature-sensitive CCTα, the enzyme that catalyzes the production of CDP-choline in the rate-limiting step of PC synthesis. When CHO-MT58 cells are transferred from a permissive temperature (33 o C) to a non-permissive temperature (40 o C), the newly synthesized CCTα is not properly folded and remains inactive (28) . Then, the DAG consumed in the last step of PC can accumulate due to the lack of CDP-choline. As expected, the amount of DAG increased in lipid extracts from CHO-MT58 cells shifted from 33 ºC to 40 o C (Fig. 1B) . The increase was already observed at 30 min and reached a plateau from 60 min to 3 h. In contrast, the levels of DAG in CHO-K1 cells remained constant for 3 h after the shift of temperature. Our second experimental strategy consisted in controlling the presence or absence of the substrates required for the DAG or CDP-DAGconsuming reactions in PC and PI synthesis: choline and inositol, respectively. Since the growth medium of CHO cells contains 100 μM of each substrate, the medium was replaced by a saline buffered solution. When choline and inositol were not present, lithium was added to inhibit inositol monophosphatases and thus to reduce the amount of endogenous inositol available (35, 36) . The total amount of DAG was higher in lipid extracts from NRK and CHO-K1 cells incubated for 1 h in the absence of the substrates than in their presence (Fig. 1C) , which indicates that the presence of exogenous choline and inositol for a short time induced the consumption of the endogenous DAG through PI and PC synthesis and reduced its total amount.
DAG is regulated by phospholipid synthesis in Golgi-enriched membrane fractions. We next examined whether the DAG variation we had measured in cell lipid extracts could take place, at least in some extent, at the Golgi. This organelle is particularly enriched in DAG in CHO cells: 70 ± 17 nmol DAG/mg protein in Golgi enriched fractions vs 1.3 ± 0.4 nmol DAG/mg protein in whole cell homogenates. We wanted to know if this pool of DAG at the Golgi was sensitive to the phospholipid synthesis manipulation. For this purpose we used Golgi-enriched fractions from Vero cells and from rat liver. In both cases the DAG content increased two-fold in the presence of 10 mM CMP ( Fig. 2A and 2B) . The presence of CMP in this assay reverts the last step of PC synthesis catalyzed by CPT (Fig. 1A) , which consumes the PC present in the membranes giving rise to DAG. The reverse reaction of posphatidylinositol synthase (PIS) could also contribute to DAG production in this assay, although in this case the main metabolite produced is CDP-DAG (see Fig. 1A ). These results indicate that DAG-consuming reactions of phospholipid synthesis occur in Golgi membranes, in agreement with previously published studies (25, 37, 38) . We previously demonstrated that propanolol decreases the levels of DAG at the Golgi and enhances the budding vesicular profiles generated by this organelle (8) . This result indicated that DAG was required for the fission of COPI-coated transport carriers from Golgi cisternae. Here we examined whether the blockage of PC synthesis could counteract these ultrastructural effects of propanolol, which would reflect a restoration of control DAG levels at the Golgi. As shown in (Fig. 5A, inset ), in accordance with our previous results in other cell types (8) . Conversely, in propanolol-treated CHO-MT58 cells incubated at 40 o C, the Golgi architecture was indistinguishable from that of non-treated cells, indicating that the effect of propanolol was counteracted by the blockage of PC synthesis.
These observations were confirmed by quantitative analysis (Fig. 5B) .
The density of KDELr-containing transport carriers at the ER-Golgi interface is dependent on DAG regulated by PC and PI synthesis. To investigate whether the DAG consumed in phospholipid synthesis participates in membrane trafficking at the ER-Golgi interface, we examined the subcellular distribution of the KDELr. Luminal ER-resident proteins containing the KDEL sequence at the C-terminus bind to the KDELr, either at the Golgi or at the ER-Golgi intermediate compartment. The complex formed is returned to the ER by COPI-coated vesicles. Once in the ER, the KDELr and the luminal KDEL-contaning protein split and the KDELr then returns to the Golgi (39). Thus, the subcellular staining pattern of the KDELr is representative of the membrane cycling state at the ER/Golgi interface.
The amount of fluorescent punctate structures containing the KDELr per cell area (hereafter, density of KDELr particles) was measured in NRK and CHO-K1 cells. The comparison between these two cell types was of interest because they show different basal steadystate subcellular distribution of the KDELr under control conditions. In NRK cells KDELr is localized at the ER, Golgi and cytoplasmic punctate structures, whereas in CHO-K1 cells, KDELr is mostly visualized at the Golgi and cytoplasmic punctate structures (Fig. 6A) . In both cell types the presence of the substrates for PC and PI synthesis, choline and inositol, which facilitates the consumption of DAG, reduced the density of KDELr particles in comparison to cells incubated in the absence of both substrates, when DAG is increased. Representative images of these experiments are shown in Fig. 6A , and the quantitative analysis is shown in Fig. 6B . In addition, the density of KDELr particles was higher in CHO-MT58 cells incubated at (Fig. 6C) . We postulated that DAG could interact with an effector protein to exert its effect on the KDELr trafficking, as reported for the role of PKD in the effect of DAG at the TGN (7). If this were also the case at the ER-Golgi interface, then KDELr particles would follow a rectangular hyperbolic kinetic curve when plotted against the amount of DAG. For this purpose we extended the quantitative analysis of DAG and the density of KDELr particles in a series of eight different experimental conditions. CHO-K1 and CHO-MT58 cells were incubated for 1 h in HEPES saline buffer with or without the substrates for the synthesis of PC and PI at 33 o C or 40 o C. Golgi morphology was not affected by any of the conditions tested. The profile for the amount of DAG in the eight conditions tested (Fig 7A) was qualitatively similar to the profile for the density of KDELr particles (Fig 7B) in the same conditions. We then plotted the density of KDELr particles against the amount of DAG for each condition tested (Fig 7C) to characterize the correlation between the two parameters. The data points were fitted to a rectangular hyperbola for one binding site, which indicates that the density of KDELr-containing transport carriers (COPI coated) depends on the amount of DAG consumed in phospholipids synthesis, in a manner that is in accordance with an interaction of DAG with an effector molecule.
The transport of YFP-ts045VSV-G from the Golgi to the plasma membrane and the secretion of ssHRP are both dependent on the DAG regulated by PC and PI synthesis.
To further investigate the role of DAG used in PC and PI synthesis along the secretory pathway, we first measured how the alterations in DAG produced by changes in choline and inositol availability affected the secretory transport from the ER to the plasma membrane of a transiently transfected membrane protein construct YFP-ts40VSV-G. In this assay, transfected cells were cultured overnight at 40 o C. At this nonpermissive temperature the newly synthesized YFP-ts045VSV-G is not properly folded and accumulates at the ER. When cells are transferred to 32 o C, VSV-G-protein correctly refolds and exits the ER to reach first the Golgi and then the plasma membrane. It is important to highlight that this experimental procedure is not compatible with the use of mutant CHO-MT58 cells, since culturing them overnight at 40 o C would block the synthesis of PC for too long, and maintaining the 40 o C in the assay to block PC synthesis would prevent YFP-ts045VSV-G to exit the ER. Therefore, the transport assay was only tested in CHO-K1 cells. Representative images of this experiment are shown in Fig. 8A . YFP-ts045VSV-G reached the Golgi at the same rate in the presence and in the absence of PC and PI synthesis substrates (Fig.  8B) . Afterwards, at 30 and 60 min, the percentage of cells with YFP-ts045VSV-G at the Golgi remained higher in the presence of choline and inositol, than in the absence of the substrates, indicating an alteration in post-Golgi transport. Accordingly, the percentage of cells with YFPts045VSV-G at the plasma membrane was less in the presence of substrates than in their absence (not shown). We then determined the amount of VSV-G at the plasma membrane with an antibody against the VSV-G ectodomain, after 60 min of incubation at 32 o C, as a ratio of the total amount of YFP-ts045VSV-G inside the cell. In this case, the ratio was lower in the presence of choline and inositol, than in their absence, which confirms a reduced arrival of VSV-G at the plasma membrane when DAG levels are low (Fig 8C) . On the other hand, the release of a transiently transfected ssHRP into the incubation medium was used as a model for the secretion of a luminal protein for the same experimental conditions. The amount of ssHRP secreted (measured as HRP activity) was lower in the presence of choline and inositol, than in their absence, when DAG in CHO-K1 cells was low and high, respectively (Fig. 9A) . The time course of ssHRP secretion was linear for up to two hours and the difference between the two conditions tested was significant. This result was extended by the analysis of internal ssHRP at the initial point of the assay and at 60 min, measured by peroxidase activity (Fig. 9B ) and amount of protein by western blot (Fig. 9C) . Both measurements showed that at the starting point of the assay the amount of internal ssHRP was the same for the two conditions tested. Moreover the remaining ssHRP into the cells was higher in the presence of choline and inositol, than in the absence of the substrates after 60 min.
DISCUSSION
In the present work we postulate that the DAG-consuming steps of pholpholipid synthetic pathways present at the Golgi contribute to the reguation of DAG needed for membrane traffic at this organelle.
The experimental conditions used in this work, consisting in regulating phospholipid synthesis, were chosen with the aim to produce a fast modification of DAG, including that at the Golgi, without inducing changes in other lipids. We succeded in modifying DAG without major changes in other lipids, but we were unable to resolve any change of DAG at the Golgi in our experimental context. Any attempt to isolate Golgi membranes after our treatments will not ensure the preservation of induced DAG alterations. Moreover, the relatively small changes in cellular DAG measured most likely remain below the sensitivity of any fluorescent construct with a DAG binding domain. In this context, although we observed that the expressed construct EGFP-C1b-PKCθ localized mainly at the Golgi, we were not able to detect any significant change in fluorescence intensity at this organelle. Only the ratio between the fluorescence intensity at the Golgi and the whole cell showed a tendency, although not significant, to decrease in the presence of phospholipid substrates, as compared to its absence (not shown).
Thus, what we demonstrate is that our experimental conditions regulate the total levels of the lipid metabolic intermediate DAG, which have functional and structural effects in the Golgi complex.
The closer evidence we have to domonstrate that DAG at the Golgi is altered by our experimental conditions is that the inhibition of PC synthesis in CHO-MT58 cells prevents the increase in budding profiles produced by propanolol (8) . This result supports that DAG at the Golgi is indeed increased when we block PC synthesis and compensates for the reduction of DAG produced by propanolol.
The experimental conditions used in this work alterate the rate of PC and PI synthesis and this could eventually produce changes in the levels of major phospholipid classes and neutral lipids. In this context, CHO-MT58 cells have different amount of phospholipids and TAG than CHO-K1 cells (see Figs. 3 and 4) , which is in accordance with published results (40) . We therefore wanted to make sure that the time we had chosen for our conditions did not significantly alter the levels of phospholipids and TAG, previously radiolabeled to isotopic equilibrium with a variety of metabolic precursors. For the major phospholipid classes or TAG, which were not modified by our experimental conditions, it is easy to understand that its high cellular amount should take longer than 1 or 2 hours to show a significant change. Nonetheless, the results obtained for phosphatidic acid were unexpected. Since phosphatidic acid is a lipid intermediate metabolite present at much lover levels than other phospholipids and a direct product of diacylglycerol kinase action on DAG, one would expect an increase of phosphatidic acid concomitant to the DAG accumulation. Although we have no clear explanation for this result, we suggest two possibilities: the phosphatidic acid is rapidly consumed to other metabolic pathways, or the particular DAG accumulated is not a good substrate for diacylglycerol kinases.
It is widely accepted that the major site for PC and PI synthesis is the ER. Thus, under our conditions DAG would be expected to accumulate at this compartment. Of note, it is becoming accepted that DAG-consuming steps of phospholipid synthesis are also relevant at the Golgi (41) . In accordance to this we observed a robust increase of DAG in the presence of CMP in Golgi-enriched fractions, which was unlikely due to ER contamination.
Our first functional observation was the alteration of subcellular distribution of the KDELr at the ER-Golgi interface, where it is continuously cycling. The density of KDELr particles concomitantly increased with the DAG content following a hyperbola-shapped correlation. Initially this result suggested that both the anterograde transport (ER-to-Golgi) and the retrograde transport (Golgi-to-ER) were altered by our experimental conditions. This could be attributed to an alteration in DAG pools at both the ER and the Golgi, as a result of the regulation of PC and PI synthesis. Unexpectedly, the ER-toGolgi transport of the YFP-ts045VSV-G was unaltered by our experimental conditions. We have two explanations for this apparent contradiction: (1) The exit of KDELr from the Golgi to ER, but not from the ER to Golgi is sensitive to the here induced changes in DAG; (2) the regulation of PC and PI synthesis by our experimental approaches affects the DAG pool at the Golgi, but not at the ER. In this context, we think that the chances for DAG to accumulate upon inhibition of phospholipid synthesis is higher at the Golgi than in the ER, since DAG can more easily be diverted to neutral lipid synthesis at the ER (42) than at the Golgi. Altoghether the results concerning KDELr subcellular distribution, YFP-ts045VSV-G transport, and Golgi ultrastructural analysis, discussed above, support the conclusion that only the retrograde transport is primarily altered at the ER-Golgi interface by our experimental conditions. Nonetheless we can not rule out any effect of DAG in the ER-to-Golgi membrane pathway, since it is not unambiguously established that the KDELr and the YFP-ts045VSV-G share the same transport carriers to move from the ER to the Golgi.
The post-Golgi trafficking to the plasma membrane of YFP-ts045VSV-G was reduced in experimental conditions that lowered DAG levels by regulating PC and PI synthesis pathways. The secretion of ssHRP was also significantly reduced. We do not know the precise subcellular location along the secretory pathway where the delay of ssHRP secretion took place. However, since the transport assay of YFP-ts045VSV-G indicates that DAG regulated by PC and PI synthesis does not affect the ER-to-Golgi protein transport, this could also be extrapolated to ssHRP.
The membrane cycling at the ER-Golgi interface was analysed by the density of KDELr particles. The correlation between the DAG content and the density of KDELr particles support the hypothesis that DAG recruits proteins involved in the fission of Golgi-derived transport carriers, as it has already been described for PKD binding to DAG at the trans Golgi network (7). However, it does not rule out a role for DAG as a membrane component that facilitates the curvature needed for the generation of transport carriers (43) .
In this study, we were able to regulate DAG levels by changing the availability of cell growth medium components, such as the essential substrates for PC and PI synthesis, choline and inositol. Alternatively, we regulated DAG by knocking down CCTα, the regulatory enzyme for PC synthesis for a short time. Interestingly, the temperature shift to 40 o C in CHO-MT58 for longer times than those used here led to a PC mass reduction or TAG increase (40, 44) . In the first case the authors observed a decrease in secretion and suggested that PC was needed for protein transport at the Golgi. Of note, such a long incubation of CHO-MT58 cells at 40 o C was demonstrated to reduced the DAG (45) . In a similar study, the secretion was slowed down after blocking PC synthesis in macrophages. In this case, the authors also concluded that PC synthesis was needed for secretion (25) . The striking point here is that the levels of the metabolic intermediate DAG, as well as the effects on protein transport, depend on the duration of the blockage of PC synthesis. We therefore suggest caution when results generated by silencing experiments are interpreted in terms of levels of lipid intermediate metabolites, since the long times required for silencing experiments might not be the most appropriate to investigate the involvement of metabolite intermediates in a particular cellular process.
Interestingly, it was recently shown that an intracellular Ca 2+ signal, elicited by an exogenous agonist through purinergic receptors or by thapsigargin, increases the DAG at the Golgi (46) . Since PC synthesis can be inhibited by an intracellular Ca 2+ signal (41, 47) , we postulate that this synthetic pathway may be responsible for this rapid increase in DAG observed at the Golgi.
Finally, our results do not exclude a role for phospholipases (11) , sphingomyelin synthase (7) or phospholipid transfer proteins (18) (19) (20) in membrane traffic at the Golgi. In the introduction section we have already mentioned the works and the rationales that support their contribution to this cellular process. All these enzymes, together with the synthesis of phospholipids contribute to the metabolic network that maintains DAG homeostasis. We report here that the pathways for PC and PI synthesis control both DAG levels and secretory processes. We suggest that cells take advantage of their regulatory mechanisms for the PC and PI synthesis to rapidly and finely tune the DAG needed for the transport carrier formation at the Golgi complex. This is something that has been hypothesized (26, 27) , but scarcely addressed.
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